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ABSTRACT
The design allowables for ten carbon fiber/cyanate ester composites used by Space Systems/Loral
for satellite structures were recalculated. This recalculation is done in order to incorporate a growing
pool of test data. B-Bases for tensile, compressive, and short beam shear strength (SBS) were
generated. Means were calculated for combined modulus (an average of tensile and compressive
moduli). Compressive strength B-Bases were higher than current B-Bases for nine of the ten
materials, ranging from 27% to 44%. Tensile strength increases ranged from 1% to 18%. SBS
changes were mixed, ranging from -39% to +22%. K13D2U tape was the only material which had
concerning decreases in B-bases; however, this is not a structural material. Mechanical testing of
M55J fabric coupons revealed lower than expected values. This is likely due to a uniform fiber
misalignment angle of 4 degrees as well as isolated warpage. Fractured coupons of M55J fabric were
analyzed using a FEI Quanta 200 SEM to characterize porosity. Voids were small, spherical and
randomly distributed, as was to be expected for an autoclaved aerospace composite. Precise
measurements of void content could not be made.
Numerical data is proprietary to Space Systems/Loral.

KEYWORDS: materials engineering, composites, carbon fiber, aerospace composites, porosity, Bbasis, short beam shear, compressive strength, tensile strength, void

SPONSOR BACKGROUND
Space Systems/Loral (SS/L) is the leading manufacturer of commercial communications satellites,
having built about 240, with 65 currently on-orbit and 20 in backlog. Satellites are largely made from
carbon fiber composites (CFRP) due to their high specific strength. The mass savings imparted by
using CFRP allow more payload to be placed in the spacecraft, and therefore the satellite generates
more revenue. Periodic recalculation of design allowables is necessary to ensure that structures are
reliably built with as little material as possible. Allowables reevaluation also affects specification
limits that are negotiated with material suppliers, notably TenCate. These allowable re-evaluations
are contractually agreed to by SS/L and the supplier per SS/L Aerospace Materials Standards.

INTRODUCTION
It costs $10,000 to launch one pound into geostationary earth (GEO) orbit [1]. As such, mass
savings are critical to the economical use of commercial satellites. Carbon fiber composites are used
on satellites because 1 pound of carbon fiber/aluminum honeycomb provides the strength of more
than 30 pounds of stainless steel. Modern GEO satellites weigh as much as 14,000 pounds, so every
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effort is necessary to reduce cost while providing a satellite that must last 15 years in extreme
temperatures without any possibility of repair.
The use of composites imparts great mass savings when compared to metals, but composites show
greater variation. To account for this variation and to provide a large safety factor, the mean of
strength values is not designed to, but rather the B-basis.
The B-basis is defined as a lower bound on the 10th percentile value, with 95% confidence. That is to
say, there is a 5% chance that the calculated B-basis is larger than 10% of all data values. Given the
wide variation and Weibull distribution of composite strength values, the B-basis is a conservative
estimate of the design allowable.
B-bases for composite materials are generated using the methods and procedures contained in
Composites Materials Handbook 17, Polymer Matrices section. [2] The CMH-17 (formerly Military
Handbook 17) is a document produced by the CMH-17 organization to provide reliable technical
data on composite materials (Figure 1). Non-proprietary data can be submitted to CMH-17 for
inclusion.

Figure 1 The CMH-17 Excel spreadsheet incorporates the statistical methods of chapter 8 of CMH-17 section 1. The
spreadsheet was coded by Suresh Keshavanarayana of Wichita State University.

B-bases are crucial values used across departments. Their validity and ability to predict future
batches is critical to producing reliable spacecraft. If the current B-basis is lower than the updated Bbasis produced by this evaluation, less material could be used, translating to a mass, reliability and
economic benefit. If the current B-basis is higher than the updated B-basis, a re-evaluation must be
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done to determine if the reduced structural properties of the material constitute a risk to the
spacecraft’s reliability.
The allowables for structural analysis are tabulated in the SS/L internal DES 711 document (Figure).
All material properties were compared to the autoclaved values, which was the manufacturing
process used for samples tested. Oven cure values have a knockdown factor applied to 5% to
compressive modulus and 10% to compressive strength. This is due to lower compaction and more
voids. Co-cure values have a knockdown factor of 10% for compressive modulus and 15% for
compressive strength. This is due to waviness and dimpling on the faceskin (see section Faceskin),
lower compaction and more voids.
E1 is the modulus in the axial direction (Figure 2). E2 is the modulus in the transverse direction.
Nom denotes nominal values, used for most design analysis. Blk values have a knock-down factor
applied and are used for analyzing failure in buckling. ρ12 is the major Poisson ratio: transverse strain
caused by an axial loading.
G12, G1Z, and G2Z are shear moduli. G12 is the shear modulus in the 1-plane (i.e the x-plane) in the 2
direction (i.e the y-direction). The other shear moduli follow this notation convention. G12 and G1Z
are equal because the composite is orthotropic. Intuitively, this is true because G12 and G1Z are both
for a load applied to the face with the fibers running horizontally, so they are equal. G2Z is for a load
applied to the face with the fibers’ cross-section, so it is different from G12 and G1Z (Figure 3). This
equivalence is true even with triaxially woven fabric (Triax).

Figure 2 The reference axes for properties given in the DES 711 document. Forces are denoted AB, as in on the A plane in
the B direction.
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Figure 3 One can see the resemblance between the 12 plane and 13 plane. This orthotropy leads to some pairs of properties
being equal.

X denotes tensile strength, while X’ denotes compressive strength, with the load applied in the Xdirection. Y and Y’ similarly denote strengths in the Y-direction. S, S1Z, and S2Z are the shear
strengths of the material, tested by short beam shear (SBS) and interlaminar shear strength
(ILSS).|e|ult is the ultimate strain and was calculated using the reevaluated B-bases. If the strength
B-bases are raised, |e|ult will be raised, so long as the increase in modulus is less.
Coefficients of thermal expansion (CTE) are given to aid in analysis of composite structures under
thermal cycling. UDPP (i.e tapes) shrink in the axial direction and grow in the transverse direction.
Fabrics, with some exceptions, shrink a slight amount in both directions.
ρ denotes the density of the composite.
Only room temperature values are shown in the DES 711 document (Figure 4). These values include
variability between batches but do not account for strength & stiffness reductions from:
compression wrinkling & dimpling effects of thin-faceskins on core, thermal cycling, non-RT
temperatures, or stress concentrations.
Values have been normalized to 60% fiber volume, which is a common loading. Fiber loadings vary
between 55 and 65%.
Laminate properties are also given for a quasi-isotropic layup, but these values were not reevaluated.
For moduli, a B-basis was calculated but the recommended value is simply the mean. This is because
moduli are relatively invariant and deviations from the mean are more tolerable.
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Figure 4 DES 711 summarizes allowables for composite materials. It tabulates values that are necessary for the design of
structures.

POROSITY
Porosity in carbon fiber composites compromise strength. Porosity is reduced through processing.
The M55J coupons were processed in an autoclave.
The composite is vacuum bagged and placed in a high temperature, low pressure oven for curing.
The compaction of the vacuum drives out air pockets and any gasses formed during cure.
Autoclaved composite samples have the lowest porosity of any processing method. Autoclaved
aerospace composites will have small, spherical plies randomly distributed throughout the
composite. Out-of-autoclave composites will have larger, elongated voids between the plies.[3]
An autoclaved sample has lower porosity than out-of-autoclave samples. The pores in a autoclaved
sample are spherical and randomly distributed. In contrast, an out-of-autoclave sample’s pores are
elongated and between the plies.
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FRACTOGRAPHY
Fractography is the observation of failure surfaces. Failure in a composite material differs from isotropic
materials in that it is violent, with little to no plasticity. Compressive failure occurs due to microbuckling,
which results in observable chop marks. Tensile failure surfaces exhibit “mirror, mist and hackle” marks.
A mirror is a flat surface closest to the defect. A hackle is a chevron-shaped that points towards the
fracture direction. Hackle marks exist on the fracture surface, parallel to the direction of the fracture.
A mist is similar to a hackle, but with smaller radii. [4]

JUSTIFICATION FOR USE OF THE WEIBULL DISTRIBUTION
Looking at the bell-shaped histogram of composite strengths, one may be inclined to apply the
popular normal distribution to the data (Figure 5). The normal distribution is well-suited for
describing the average value in a symmetric population. However, when it comes to composites, the
maxim “the chain is no stronger than its
weakest link” applies.
The Weibull distribution is often applied to
composite data sets because it closely suits
the chain-of-bundles probability model that
fibers exhibit. [5]The Weibull distribution fits
this “weakest link” model because the
minimum of independent, identically
distributed variables is also a Weibull variable
(Equation 1). This property is known as the
Figure 5 This histogram may seem like a classical "bell-shape", extreme value theorem (EVT)†. This property
but theory and experimental evidence suggest the Weibull
is powerful because the random variables do
distribution more accurately describes variation in composite
not have to be Weibull distributed in order
strengths.
for their minima to be Weibull distributed.
Normal distributions do not follow this,
instead following the analogous central limit theorem. Other EVT distributions are more concerned
with the maximum value causing risk, which is not the case in material strengths. Therefore, the
Weibull distribution is most applicable to composite strengths.
In the chain-of-bundles model, composites are viewed as a concatenation of many fibers, each of
which has its random breaking strength Xi when subjected to stress. Because “the weakest link
breaks the chain”, the strength of the concatenated total composite is the strength of its weakest
link, namely min(X1, . . . ,Xn), i.e., approximately Weibull because of the EVT.
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Equation 1 Where α is the scale parameter (and the characteristic life/strength), and ϐ is the Weibull shape parameter.

The weakest link theory explains why the mean of the data set is not used, because a weak fiber is
more detrimental to strength than a strong fiber is beneficial.

MATERIALS AND METHODOLOGY
Nine carbon fiber reinforced polymer (CFRP) composites and one Kevlar composite were evaluated
(Table I). All are structural materials, with the exception of K13D2U tape which is used for its high
thermal conductivity.
Table I The ten composite materials examined in this report. UDPP is Unidirectional Pre-Preg (i.e a tape).

FPP is Flatwise Pre-Preg (i.e a fabric). TWF is triaxially woven fiber. The number preceding “k” denotes the
nominal filaments/tow.

Fiber
M55J-6k
M55J-6k
M60J-6k
M60J-3k
T300-1k
T300-1k
K13D2U
YSH-70A
SK906
Kevlar-49

Resin
RS-3C
RS-3C
RS-3C
RS-3C
RS-3
BTCY-1A
BTCY-1A
RS-3
BTCY-1A
RS-3

Orientation
UDPP
FPP
UDPP
FPP
FPP
FPP
UDPP
FPP
TWF
FPP

M55J is a high strength, high modulus PAN-based fiber commonly used in the aerospace industry.
M55J fiber is manufactured by Toray. [6]
M60J is similar to M55J, but is being replaced by M55J due to limited supply. M60J fibers are
manufactured by Mitsubishi (Melco) and the composite is made by TenCate. [6]
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T300 is a PAN-based, standard modulus fiber that has been used for structural applications in the
aerospace industry for over 30 years. T300 stands for Thornel 300. [7]
YSH-70A is a ultra-high modulus composite. It differs from other materials in that it has a plain
weave spread ((PW(S)). This is where a plain weave is spread out by a spreading tool. [8]
K13D2U is a pitch based fiber used for its ultra-high thermal conductivity. K13D2U fiber is also
manufactured by Melco. K13D2U has a thermal conductivity of 800 W/mK compared to 30
W/mK for M55J. [9]
SK906TWF (aka Triax) is a triaxially woven prepreg used for lightweight structural applications,
such as reflectors. SK906 is a pitch based fiber.
Kevlar-49 is a high-modulus organic fiber. It is unique in that it is the only non-carbon fiber
examined in this study. H120PT is the style of the fiber, denoting that it is a plain weave (among
other style specifications). [10]
Kevlar and Triax had B-bases calculated, but not recommendation was given because Tencate did
not supply data on them.
Two of the materials reviewed do not currently have B-bases in the DES 711 document. These are
T300 with the BTCY-1A resin and YSH70A fabric.
The materials deemed most important in this report are M55J (tape and fabric), M60J (tape and
fabric), and T300 (only the RS-3C option). Furthermore, M60J is considered less important than
M55J and T300 because it is being phased out.
The critical property that is designed to is the compressive strength (Table II). The largest load the
spacecraft will experience is during the rocket launch, where a random acoustic loading stresses
structures. Because of the random nature, there is an equal amount of tensile and compressive
forces. Composites are weaker in compression, so compressive strength is the critical property that
determines how structures are designed.
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Table II Manufacturer provided (non-proprietary) compressive strength values. Tape or fabric is not specified. EX-1551 is a
cyanate ester resin. Values of the fiber in an epoxy matrix are given where values for a cyanate ester resin are not publicly
available.

Fiber/Resin
M55J/RS-3
M60J/Epoxy
T300/RS-3
K13D2U/EX-1551
YSH-70A/Epoxy

Compressive Strength (ksi)
129
115
118
33.1
104

K13D2U’s low compressive strength is a tradeoff for its high thermal conductivity. These
properties are derived from the fact that it is a pitch-based fiber, while the others (except for YSH70A) are polyacrylonitrile (PAN) based. Pitch fibers are more easily graphitizable. In a pitch fiber,
more graphene sheets are aligned in the longitudinal direction. This gives an effective path for heat
transfer. However, because shear is easier between parallel graphene sheets, the fiber is weak in
compression.
The B-basis is calculated as the product of the variance and a constant (Kb) subtracted from the
mean. Kb is a factor that depends on the number of samples, decreasing with increasing samples. It
generally lies between one σ and two σ. This formula is only valid for the case where there are more
than 29 data points.
The CMH-17 method fits a distribution (normal, Weibull, lognormal or non-parametric) to the data
based on the observed significance level for each distribution. The Anderson-Darling test is first
performed to evaluate whether there is a significant variation among batches. Data which does show
variation, as is usually true for composite materials, is known as structured.
Small data sets (less than 18 data points per environment) can be pooled together, which increases
the B-basis value, but only if the necessary assumptions are met. For pooling to be permissible, the
variance among sets must not be significantly different, and the failure mechanisms must be
identical. Data points may be considered outliers within their environment, but are not outliers when
pooled among environments. Only outliers that exist after pooling were considered for additional
examination as they are most likely to present identifiable defects. Before pooling outliers may be
atypical in the batch, but are typical for all material received, and as such, represent normal variation
that must be accounted for.
There are three methods to generate material allowables: regression (RECIPE)2, single point (SP)
and pooling (AGATE)1. CMH-17 combines two previously developed methods, ASAP3 and STAT17, which are AGATE and SP, respectively. ASAP pools across environments when the data
indicates that it is appropriate. STAT-17 does not pool across environments, and is therefore more
flexible and widely applicable. ASAP generally produces higher, more reliable and more stable
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numbers, and is preferred to STAT-17 when ASAP’s assumptions are met. ASAP was integrated
into CMH-17, whereas only STAT-17 was used in the discontinued Mil Hdbk 17.
Basis values are not material properties, but rather statistical properties based on material properties.
As kb decreases with increasing sample size, the B-basis rises. When too few data points are
available, the B-basis is unreasonably low. In these situations, no recommendation was given to raise
or lower the B-basis; rather, “Insufficient Data” was specified.
When neither normal, lognormal nor Weibull distributions can be adequately applied to the data,
non-parametric statistics are indicated. When there are more than 30 data points, rank statistics is
used. Rank involves disregarding the actual values and instead ranking them ordinally (e.g 5,10,7
becomes 1,3,2). The B-basis is one of the lower data points; it cannot have a value that is not in the
data set. The other non-parametric method used is the Hanson-Koopman method.
The six properties evaluated were the 0 degree strengths and moduli in tension, compression and
flexion. Data for other properties such as glass transition temperature, and short beam shear, were
provided, and values were calculated. However, these other properties were not critical design values
and often had insufficient data points.
A-bases, which are similar to B-bases except are a 1st percentile limit, were calculated alongside Bbases, but are not used in analyzing composites. To calculate an A-basis using ASAP/STAT-17,
there must be 299 data points, which no material evaluated has. Hanson-Koopman’s A-basis
method is used when there are fewer than 299 data points. A 1st percentile value, combined with the
strongly conservative estimate of Hanson-Koopman, yields a value that is far too conservative to be
of practical use to the designer. Samples which would be rejected in comparison to an A-basis are
already rejected in comparison to the spec value.
1.

AGATE stands for Advanced General Aviation Transport Experiments, a consortium that seeks to consolidate composites data.

2.

RECIPE stands for REgresion Confidence Intervals for Percentiles. It is a FORTRAN program for determining one-sided confidence limits.

3.

ASAP stands for AGATE Statistical Analysis Program. It is a submethod of the AGATE method.

MODULUS
Moduli allowables were calculated using the mean of the larger sample set. B-bases are not used for
specifying a modulus. A part with a lower modulus is more tolerable than a part with a lower
strength. There is not expected to be much difference with the modulus allowables because of the
central limit theorem. The central limit theorem states that the means of independent random
variables will be normally distributed. In this case, this means that the mean of a smaller data set will
be close to the mean of the reevaluated data set.
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The most extreme changes in moduli were +5% and -2.2%, which is consistent with the expectation
of slight changes (Table III). The only decrease was for K13D2U tape, which is not a structural
material.
Because moduli are relatively unchanged, and compressive strengths increase greatly, ultimate strains
will increase.
Table III These are the materials reevaluated for which there is a currently a modulus in the DES 711 v7 document.
Combined modulus is the average of tensile and compressive moduli.

Material
T300/RS-3
M55J Tape
M55J Fabric
M60J Tape
M60J Fabric
K13D2U Tape
Kevlar

Current
Combined
Modulus
9.6
44.7
22.0
49.7
24.1
86.8
4.8

Proposed
Combined
Modulus
10.0
46.8
23.1
49.0
25.0
84.9
4.8

% Difference
+4.7
+0.5
+5.0
+1.5
+3.7
-2.2
0.0

RESINS
Cyanate ester resins are used in manufacturing of the composites under study. Peculiar to the
aerospace and microelectronics industries, cyanate esters offer the desirable properties of thermal
stability and low outgassing. With Tgs ranging between 400 and 490 °F, composites with cyanate
ester resins can withstand the high temperatures that occur in space. The resin is also thermally
stable, with a coefficient of thermal expansion of 24 ppm/°F, compared to 39 ppm/°F for an epoxy
(BT250). CTE mismatch between the matrix and fiber causes stress in the structure. Carbon fibers
have negative CTEs, so a matrix CTE should be as low as possible. A matrix with higher stiffness
will pronounce the effect of a CTE mismatch as it is better able to “pull” the fiber.
One major drawback to cyanate esters is the formation of carbamates. Cyanate reacts with water to
form carbamates. At 190 °C, carbamates decompose into an amine and CO2. The carbon dioxide
can form bubbles and voids in the composite, which can greatly reduce strength at high
temperatures. The amine can react with the cyanate group, which linearizes the polymer chain,
thereby reducing the Tg. Carbamates are controlled by reducing moisture exposure and specifying a
maximum carbamate ratio (e.g <.07).
Outgassing is the evolution of volatile compounds when the material is heated. These compounds
may deposit on sensitive electronics or solar panels, blocking sunlight from reaching them. Defined
in ASTM E595, materials used on spacecraft are limited to a total mass loss (TML) of less than 1.0%
and collected volatile condensable materials (CVCM) of less than .1%. Few matrix materials meet
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this specification because a material with low outgassing is often too viscous to work with. RS-3C,
for example, meets ASTM E595 limits with a TML of .22% and CVCM of .01%.
Cyanate esters are generally stronger and stiffer than epoxy, except for compressive strength, in
which case they are similar to toughened epoxy. There are materials approved by SS/L which
include epoxy or toughened epoxy instead of cyanate resins, but these were not examined. Cyanate
esters provide the best performance, while epoxies meet specifications at a lower cost.
RS-3 is a modified polycyanate resin used in aerospace structural materials. RS-3C is a modified
version designed for vacuum bag curing.
BTCY-1A is a toughened resin used both as a matrix material and as a film adhesive. [6]
All of the cyanate resins are of the controlled flow variety. These resins have higher minimum
viscosities and lower flow numbers. This is useful for reducing the “runniness” encountered during
curing, especially for fabrics on complex shapes.

OUTLIERS
CMH-17 states that outliers may be removed if it is due to an erroneous external source (Figure 6).
Such sources relevant to this study include the material being out of specification or if a defect (not
under study) is detected in the material. If no external cause can be determined for the outlier, it
must be included in the B-basis calculation because it reflects normal batch-to-batch variability.
In TenCate’s data, where testing errors occurred, the erroneous test and the retest were included. In
calculating the B-basis, the erroneous tests were disregarded and the retests were used.
If additional low outliers could be identified as being external in nature, they could be excluded and
the calculated B-basis would rise. Removing high outliers is also possible, but their removal will not
affect the B-basis as much, because of the “weakest link” model (see section Weibull justification).
Outliers were identified in the CMH-17 excel spreadsheet by the maximum normed residual (MNR)
test. The test is applied to each unstructured data set. Because the composite data is grouped by
environment, the MNR is applied separately to each environment (each of which is unstructured,
but structured when grouped together). This result will detect outliers before pooling. After the data
is pooled, the test is again applied and detects outliers after pooling.
Equation 2 Where xi is the ith value, xbar is the mean, and s is standard deviation
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The MNR test statistic is calculated and compared to a table of critical values. If the MNR is larger
than the critical value, then the sample is an outlier. The outlying value is removed and the test is
repeated until no outliers are detected.
For every outlier detected, the reason for the outlying value should not be due to a clear testing
error. If testing error had occurred in either SS/L of TenCate data, the test was repeated and
replaced with the correct data. It is, however, possible that error occurred but was undetectable or
overlooked. Because testing error cannot be ruled out, outliers must be assumed to be valid
members of the data set unless an out-of-specification defect can be positively identified. Normal
variability in composites that may be integrated into flight hardware should be retained to reflect
reality. Out of specification material that has identifiable defects which would be rejected before
being integrated into flight hardware should be removed, with cause, so the data may provide
designers with realistic allowables.
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Figure 6 The CMH-17 method was used to eliminate outliers. Under-performing specimens are only eliminated if cause
can be determined.
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EXPERIMENTAL DESIGN
B-bases were re-calculated in accordance with CMH-17 (Mil Hdbk 17) methods listed in Volume 1F.
Tensile testing was performed in accordance with ASTM D3039. 11 samples of M55J fabric were
tested until failure. An extensometer was used to measure strain throughout the test and was only
removed after failure.
Combined load compression was performed in accordance with ASTM D6641. 15 samples of M55J
fabric with fiberglass tabs were tested until failure. One sample was retested after it had exhibited
slipping in the jaws.
Short beam shear strength testing was performed in accordance with ASTM D2344. 15 samples of
M55J fabric were tested until failure.
Tensile and SBS coupons were cut at a 45 degree angle with respect to the 0/90 degree plies in order
to reduce fiber pullout. 6% nitric acid was applied as a surface treatment to flatten the surface.
Fractography was performed on tensile, compressive, and SBS coupons to determine significant
differences between the three. Additionally, high strength and low strength examples of the coupons
were examined to determine significant differences.

RESULTS
MECHANICAL TESTING
All three mechanical tests revealed strengths lower than expected and lower than proposed b-bases.
Tensile strength sample mean was 26% lower than SS/L’s historical mean. Compressive strength
sample mean was 30% lower than the historical mean. Short beam shear strength sample mean was
11% lower than the historical mean.

POROSITY
In order to reveal porosity, the samples were etched in diluted nitric acid. Several combinations of nitric
acid concentration and immersion times were performed to prevent overetching.
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Image analysis software Image Pro Premier Plus was used to determine the number of large, spherical
dark areas, serving as a proxy for voids.

Figure 7 Image Pro Premier Plus determines the number of dark spots that meet arbitrary requirements for size and
roundedness. The fibers appear as elliptical light areas and the matrix is the dark areas between them.

Page | 20

NON-PROPIETARY VERSION
May 23, 2013

B-BASES

Figure 8 M55J tape. An example of the tables created to show the difference between current and proposed B-bases. This is
the format used for presenting the data to stakeholders as a PowerPoint.

Of the 8 composite materials evaluated for which there is TenCate data, there are 5
recommendations to raise the compressive strength B-basis. There are no recommendations to
lower any B-bases of structural composites.
K13D2U is the only material which has strong recommendations to lower the B-basis.
There are two properties of structural materials that have weak evidence for lowering the B-basis. In
both these cases, there is no current B-basis. It was deemed that the reevaluated B-basis is too close
to the current spec-value (which should be lower than the B-basis).
Full results are listed in the appendix.

FACESKIN MODULUS
M60J and M55J faceskin moduli were evaluated separate from the other B-basis reevaluation effort
Tables IV-VI). Faceskin is a composite covering between which aluminum honeycomb is
sandwiched. Two densities of M60J faceskin and one density of M55J faceskin were evaluated.
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Data points from SS/L were considered to be erroneous because they were both significantly
different from Melco’s results and were performed by an untrained operator. These data points were
removed for presentation in this report. For M55J faceskin modulus, the SS/L data points are not
believed to be erroneous and no Melco data was provided.
Table IV Moduli for varying thicknesses of M60J heavy core faceskin.

Table V M60J faceskin modulus for the lighter .929 pcf core.
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Table VI M60J compressive modulus. T/C densotes that the sample had been thermal cycled, whereas virgin samples had
not.

Table VII M55J faceskin modulus.
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RPL-ONLY RESULTS
For some materials, data was not available from TenCate. Kevlar and Triax were examined using
only data available from Reliability Physics Lab (RPL) at SS/L. Kevlar has current B-bases for tensile
strength and modulus, which were recalculated. Kevlar has a current B-basis for compressive
strength, but no data was available from RPL or Tencate. Triax does not have current B-bases to
compare to. Kevlar does not have a current compressive strength B-basis.
The tensile strength B-basis of Kevlar increased 35%.

Material

Current Tensile
Strength Bbasis(ksi)

Recommended
Tensile Strength Bbasis (ksi)

Current
Compressive
Strength (ksi)

Kevlar
Triax

48.9
N/A

65.8
57.4

N/A

Recommended
Compressive
Strength Bbasis (ksi)
N/A
8.7

MODULI IN TENSION AND COMPRESSION
Moduli were reevaluated by calculating means of distributions, rather than the B-basis. A
conservative estimate such as the B-basis is not necessary because deviations from design values are
less harmful for moduli than for strengths. No values for compression moduli are in the DES 711
document. Some materials have spec values for compression moduli, but spec values are not in the
scope of this report.
Table X: Tensile moduli are listed in DES 711 and data was available from TenCate because tensile modulus is used more than
compression modulus. Note that one can calculate the shear moduli from these values and the minor Poisson’s ratios.

Material
M55J Tape
M55J Fabric
M60J Tape
M60J Fabric
T300/RS-3
K13D2U

Current Tensile
Modulus (ksi)
44.7
22.0
49.0
24.1
9.6
86.8

Reevaluated Tensile
Modulus (ksi)
46.8
23.5
52.0
25.0
10.0
87.2

Percent difference
(%)
4.8
7.0
6.2
3.9
4.7
.40
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Table X: There are no current compression moduli in DES 711. There was no data available for M60J fabric.

Material
M55J Tape
M55J Fabric
M60J Tape
M60J Fabric
T300/RS-3
K13D2U

Current
Compression
Modulus (ksi)
-------

Reevaluated
Compression
Modulus (ksi)
42.9
21.5
47.4
-9.9
82.9

WEIBULL MODULUS
The Weibull modulus (m) is another term for the Weibull shape parameter in the context of the
strength distribution for brittle materials. A high Weibull modulus corresponds to an even
distribution of flaws along the fiber; therefore, the strength of the fiber is independent of its length.
It does not correspond to the actual strength of the fiber because it does not characterize the actual
size of these flaws.
The Weibull modulus gives the user of the B-basis data an idea of how variable the material is. It
also gives an indication as to whether the B-basis is likely to change given more data or stay constant
if the material is invariable. It is not needed for structural design, but is a helpful value for the
materials engineer or curious structural engineer. A high m means the property shows little
variation and the B-basis will not change much with more data. A low m means the property shows
a great deal of variation and more batches could alter the B-basis. For reference, a variable material
like glass has an m of about 3. Technical ceramics have m between 10 and 20. A brittle metal like
cast iron has an m of 38. A ductile metal like mild steel has an m of 100. Graphite fibers have m
between 5 and 12. This is one reason that composites require a different set of statistical methods
than is used for ductile materials.
Characteristic strengths are obtained from the same least squares regression as was used to find the
Weibull modulus. The characteristic strength is a constant in the Weibull equation which is
equivalent to the strength at which 63.2% of samples will fail. Since a B-basis is at most the 10th
percentile, one can say that at least 53.2% of samples will fail between the B-basis and characteristic
strength listed. As such, one would want the B-basis to be as close as possible to the characteristic
strength.
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T300’s Weibull modulus indicates a well-controlled material with little variation in compressive
strength. It is also true that T300 fabric has the most data points for compressive strength, which
better defines the distribution, but is not the sole reason for its high m. For this material, more than
50% of data points fall within a 10 ksi range. M55J fabric and M60J tape show a relatively narrow
distribution. Their Weibull moduli are higher than that of graphite and their characteristic strength
and B-basis are relatively close. M55J tape and M60J fabric show wider variation. Their Weibull
moduli are lower, but to be expected for graphite.
Based on the B-bases and Weibull moduli, the reevaluated B-bases could be implemented
immediately. None of the materials listed showed unreasonable variation that would suggest one
should wait for more data to become available. Recall that the B-basis calculation accounts for the
amount of data points and makes a more conservative estimate if there is less data. Certainly, there is
more data incorporated into the B-bases suggested in this paper than the current B-bases.
YSH70A has an average Weibull modulus despite its unique spread plain weave ((PW(S)). It could
have been that a partially spread plain weave material would show more variability than a
conventional tape or fabric, yet it outperforms M55J tape and M60J fabric in terms of variability.
Table 8 The Weibull modulus and characteristic strength are presented for five important materials. The T-300 evaluated is
T-300 in RS-3C resin. Weibull modulus is a dimensionless value.

Material
M55J Fabric
M55J Tape
M60J Fabric
M60J Tape
T300/RS-3C Fabric
YSH70A

Compressive
Strength B-Basis
(ksi)
51.0
106.4
52.1
95.4
94.8
25.0

Characteristic
Compressive
Strength (ksi)
63.1
134
61.1
120
108
29.1

Weibull Modulus for
Compressive
Strength
15.9
11.1
12.5
14.4
22.6
12.9
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Weibull Modulus of Compressive Strength
T300/RS-3C Fabric
3

2

LN((LN(1/(1-P)))

1

0

-1

-2

-3

-4
y = 22.645x - 105.99
R² = 0.8078
-5

LN(Compressive Strength)

Figure 9 A least squares regression chart is used to calculate the Weibull modulus, equal to the slope of the best fit line.
The Y-intercept is equal to m*LN(Characteristic strength). P is the ith ordered value divided by one plus the total number
of data points. [The X-axis has been removed to protect propeitary values.]
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Figure 10 The location of the B-bases and characteristic strength on the histogram are compared. The Weibull modulus
for this distribution is 4.3. The characteristic strength used in the Weibull distribution should not be confused with the
characteristic strength used for materials like concrete. This other characteristic strength is the 5th percentile.
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HISTOGRAM INTERPRETATION
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Figure 11 This histogram shows the PDF in blue and CDF in red. The Weibull modulus of this data set is 4.3.

The probability distribution function (PDF) shows the number of data values that falls within the
bin range of 5 ksi. The Cumulative Distribution Function (CDF) shows the percent of values that
falls below the specified bin. If the population were known, the proposed B-basis would have a
CDF value of exactly 10%. For the example of M55J tape, the current B-basis is far from the
updated B-basis. The current B-basis is lower than any received values, and lower than even an Abasis (i.e. the 1st percentile). In a case such as this, a strong recommendation is given to raise the Bbasis.
Given the CDF, one can make a conservative raise of the B-basis to an arbitrary percentile that falls
between the proposed A-basis and B-basis. An “X-basis” table was created to show the values
corresponding to percentiles from one to ten. The percentile that corresponds to the proposed Bbasis was reported, which, in all cases, is less than ten percent. This shows that the proposed B-bases
are not as aggressive as they may seem, even though the difference between current and proposed is
large. Using this table, one could see the effect of selecting a more conservative B-basis. One can
find the “sweet spot” where the maximum benefit (raising the B-basis) can be obtained for the
minimum risk (percent falling below the B-basis).
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There are a few other items of note. For M60J tape, both the b-basis and spec value are equal to
100.0. It is suspected that the spec value was copied into the b-basis, because 100.0 ksi is closest to
the mean minus one deviation. The slight decrease in b-basis is recommended to correct an error,
rather than to update the value given new data.

ULTIMATE STRAIN
The strain at failure (|e|ult ) is a measure of the ductility of the composite material. Because it is a
ratio of strength to modulus, the values generally increased for the studied materials because
strengths greatly increased compared to moduli. The |e|ult is the minimum ratio of strength to
modulus, which, in all cases studied, is the compressive strength and modulus (Equation 3).
Equation 3 The ultimate strain is equal to the minimum strength (which is compressive in the case of these composites)
divided by the combined modulus.

Currently, M55J fabric and tape have the same |e|ult, but in the reevaluation, tape is slightly more
ductile. Currently, M60J tape has the highest |e|ult of the Melco fibers, but in the reevaluation, it has
the lowest.
Table X: Ultimate strains increased greatly in the materials which are considered most important.

Material
T300/RS-3C
M55J Tape
M55J Fabric
M60J Fabric
M60J Tape
K13D2U Tape

Current |e|ult
(μin/in)
7140
1740
1740
1510
2040
410

Proposed |e|ult
(μin/in)
9480
2270
2210
2080
1920
400

% Difference
33
30
27
38
-5.9
-2.4

HISTORICAL TRENDS
In reevaluating B-bases, a separate B-basis was calculated for both “old” and “new” lots. This
classification of old and new was made by TenCate in providing their data. Plots were also made for
all materials to evaluate the historical trend or lack thereof (Figure 12). In only one case was there a
noticeable difference between old and new lots. M55J fabric showed a discrepancy in Interlaminar
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Shear Strength (ILSS) between old and new lots. Old lots reported an ILSS of >80 ksi. New lots
report a much lower value of ~7x ksi. Because 7x ksi is a far more reasonable value, new lots were
used to calculate the B-basis.
The modulus presented is the combination of the tensile and compressive moduli, the combined
modulus. Compressive modulus is smaller than tensile modulus, but not to the extent that
compressive strength and tensile strength differ.

Figure 12 Historical trends of data points showed that the material strength has not changed significantly; however its
statistical strength (B-basis) will change.
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VOID CONTENT
Image analysis software returned a value of porosity of 5.3%. The limits on identifying dark spots as
pores were a minimum size of 100 pixels in diameter and a roundedness value higher than .1 (where
1.0 is a perfect circle and 0.0 is an oblong object).
Voids were found to be small and spherical (Figure 14). There were no large elongated voids
between the plies.

Figure 12 The circled sample could be a pore; however, it could also be fiber pullout. The boxed sample could be a pore, or
it could be damage, overetching or roughness.
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FRACTOGRAPHY

Figure 13 Fibers pulled out from the matrix of a tensile test sample.

Fractography revealed on the presence of fiber pullout. Microbuckling was visible at the fracture
surface but not in the base material (Figure 15).
Mirrors, mists and hackles were not observable ion any of the samples. There were no discernible
differences between tensile, compressive and short beam shear samples. Additionally, there was no
discernible differences between samples which failed in the middle of the gage section and those
that failed near the tabs. The fiber misalignment in the samples likely resulted in an unconventional
failure mode that will not manifest in the form of mirrors, mists and hackles.
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DISCUSSION
ALLOWABLES
As expected, the composite materials examined had large increases in strength allowables because
the pool of data has increased, thus lowering statistical variation.
K13D2U was the only material which had lowered B-bases in the re-evaluation. However, this
material is used for its ultra-high thermal conductivity and not as a structural material. This is likely
due to the first batch of K13D2U being a “super batch” (i.e having high strength non-representative
of future batches).
The re-calculated and new B-bases have been implemented into the design allowables document
used by SS/L (DES 7-11). It is, however, yet to be determined what effect the allowables will have
because redesign is constrained by the manufacturing process of composites. A fabric composite is
laid up in a dozen plies in a quasi-isotropic lay-up. One can only remove a discrete number of plies
and one must redesign the orientations of all plies if one is removed. Certainly, the safety factor of
designs will increase, providing the designers and customers of SS/L with a higher degree of
confidence in the likelihood of mission success.

FIBER MISALIGNMENT
The B-basis re-evaluation revealed that the material is statistically stronger than expected. However,
mechanical testing revealed lower strengths than expected, due to fiber misalignment. However, the
samples’ skewness was readily apparent and material with such an extreme misalignment would never be
incorporated into flight hardware. Such a misalignment would fall below the 10th percentile of the Bbasis, however it does not reflect strengths of flight hardware.
Fiber misalignment can be accounted for by using a knockdown factor relating an ideal sample to a
skewed sample. A knockdown would typically be used for the highest acceptable misalignment angle.
One can design structures using the strengths of ideal samples, with the knockdown factor of the highest
misalignment (and thus the weakest).
The ratio of the tensile strength sample mean to the SS/L historical mean is .74. This knockdown value
is similar to published knockdowns. The Yang et al study found a knockdown factor of .76 for a five
degree misalignment [11]. Interpolating the Yang data for a 4 degree misalignment produces a
knockdown factor of .81.
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Figure 14 The Yang et al study found knockdown values comparable to those obtained in this study.

By using the published knockdown factors, the sample mean can be corrected to predict what the
strength of the samples would be if they had no misalignment. The corrected sample mean is 10% lower
than the SS/L mean (Figure 16). The additional weakness in the samples likely comes from the warpage
in some samples of up to 20 degrees.
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Figure 15 The corrected sample mean is still 10% lower than the historical mean.

VOID CONTENT
Image analysis software Image Pro Premier Plus calculated porosity values of roughly 5% far exceed
the expectation of 0.3%. This is due to the difficulty in discerning between true pores, fiber pullout,
overetching, damage and other false positives.
Because of the clear lack of large, elongated voids between the plies, it can be concluded that the
porosity of the samples is consistent with expectations for an autoclaved aerospace composite. [12]
If an accurate quantitative measure of porosity is desired, micro-CT should be performed.

CONCLUSIONS
There is good news for users of the DES 711 document. None of the design limiting properties of
structural composites are recommended to be lowered (Table X). Six important properties of four
important materials have strong recommendations to be raised.
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Table X: Tensile and compressive strength were the properties considered to be “critical”. Flexural strength is not as important and
moduli use spec values. Blank cells did not have a percent difference near or above the cutoff of +10%. K13D2U is not included
because it is not structural.

Material
T300 Fabric
M60J Fabric
M55J Fabric
M55J Tape

Tensile Strength could be
raised (% diff)
9.9
-18.2
--

Compressive strength could
be Raised (% diff)
38.3
43.5
27.4
36.9

It is also recommended that M60J Tape’s compressive strength be lowered because the spec value
should not match the B-basis. This recommendation would be made independent of the new data
reevaluation.
The lack of recommendations to lower mean that the DES 711 document is conservative and past
spacecraft’s structures are more reliable than thought. The recommendations to raise means that less
material could be used to build future spacecraft, and/or the estimate for the reliability of the
spacecraft will be higher.
Space Systems/Loral receives statistically identical material, and yet B-bases can be risen by as much
as 40%. This is due to the increasing number of specimens and increasing Weibull modulus, which
both increase the B-basis even though the actual material is not changing significantly.
Porosity of the samples was qualitatively in line with expectations for an autoclaved aerospace
composite.
Mechanical testing revealed lower-than-spec strengths due to fiber misalignment. The presence of
this fiber misalignment, however, does not contradict the increase in B-bases because the fiber
misalignment of the samples is out of specification for flight hardware.
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Appendix A: Full B-bases Results
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